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I. INTRODUCTION
Multiferroic materials enable a coupling interaction between ferromagnetic (FM) and ferroelectric (FE) parameters, which attracted much attention in recent years. This magnetoelectric coupling can be utilized to develop additional functionalities that induce magnetization using external electric field or FE polarization using external magnetic field. The multiferroic BiFeO 3 (BFO) is perhaps the only material that possesses magnetic and FE properties at and above room temperature. BFO has a high antiferromagnetic (AFM)-paramagnetic (PM) Néel temperature at T N ¼ 350-400 C and FE Curie temperature at T C ¼ 810-870 C.
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The neutron diffraction suggested that BFO undergoes a first-order transition at T C % 820 C from a FE rhombohedral to a paraelectric orthorhombic GdFeO 3 -type structure. 5, 6 Photovoltaic effects have been observed in BFO crystal and thin films under illumination of visible light. [7] [8] [9] A large difference in photocurrent between green light (k ¼ 532 nm) and red light (k ¼ 650 nm) indicates that photo-excited carriers across the bulk optical gap ($2.5 eV) dominate the photovoltaic effects. 7 A strong short-circuit photocurrent was detected in BFO thin films under illumination of k ¼ 460 nm, whose photonic energy is near the bandgap of 2.72 eV. 8 Strong photovoltaic effects were also observed under near-ultraviolet illumination in FE materials, WO 3 -doped Pb 1-x La x (Zr y Ti z ) 1-x/4 O 3 (PLZT) ceramics, and Pb(Mg 1/3 Nb 2/3 ) 1-x Ti x O 3 (PMN-PT) crystals. [10] [11] [12] [13] It was found that photo-induced electric response is sensitive to sample thickness and grain size in doped PLZT(3/52/48) ceramics. 11, 12 Though the photovoltaic effects of BFO crystal and thin films have been explored recently for applications of solar cells and optical sensors, a systematic study is still lacking, especially for BFO ceramics. In this work, we have systematically investigated the photovoltaic properties of BFO ceramics and their correlations with light wavelength, illumination intensity, and sample thickness.
II. EXPERIMENTAL PROCEDURES
The BFO ceramics were prepared by the solid state reaction method. The starting powders of Bi 2 O 3 and Fe 2 O 3 (purity ! 99.0%) were weighed in 1:1 ratio and then mixed in an agate mortar for more than 24 h. The mixture was dried before calcining at 800 C. The calcined powder was mixed with polyvinyl acetate as a binder for granulation. The ground mixture was then pressed into 1.0 cm-diameter disks, which were sintered at 840 C for 2 h. The densities of sintered BFO ceramics are greater than 90% of the theoretical values. Very minor second phases were observed by x ray diffraction.
In photovoltaic measurements, two diode lasers of k ¼ 373 and 532 nm were used for photo-excited energies. The experimental set-up is given in Fig. 1 . Transparent conductive films of indium tin oxide (ITO) and gold film were deposited on the basal surfaces as electrodes by radiofrequency sputtering. The optical cut-off wavelength of ITO film is near 300 nm. No external dc E field was applied previously and during measurements. was likely caused by the pyroelectric effect to the current. 14 The pyroelectric-effect spike did not occur apparently under illumination of k ¼ 532 nm, due to less absorption of photonic energy.
To understand the correlation between photovoltaic responses and illumination intensity, the averaged photovoltage and photocurrent density were plotted as a function of laser intensity in Figs. 4 and 5 for two thicknesses. As indicated by the solid lines in Figs. 4 and 5 , the open-circuit photovoltage J SC (mV/cm) and short-circuit photocurrent density E OC (lA/cm 2 ) can be described as a function of intensity by exponential equations,
E S (mV/cm), J S (lA/cm 2 ), and (mW/cm 2 ) are saturated open-circuit photovoltage, short-circuit photocurrent density, and illumination intensity, respectively. a and b are characteristic constants. The thinner sample has larger E S and J S , possibly due to fewer barriers in the conducting path. The results show that a and b can be the same in photovoltage and photocurrent density for the same thickness. A strongly thickness-dependent photovoltaic behavior was observed in the ferroelectric WO 3 -doped PLZT ceramics and PMN-PT crystals. 10, 11, 13 The short-circuit photocurrent of the poled WO 3 -doped PLZT (3/52/48) ceramics with thickness d ¼ 50 lm exhibits a linear relation with light intensity and is $ 20 nA/cm 2 at I $ 200 mW/cm 2 under illumination of k ¼ 366 nm. 10 As shown in photonic energy of k ¼ 373 nm can be absorbed more effectively, because the charge carriers can be excited from the asymmetric potential well through the photonic absorption.
IV. CONCLUSIONS
The open-circuit photovoltage and short-circuit photocurrent strongly depend on laser wavelength, illumination intensity, and sample thickness. Under illumination of k ¼ 373 nm, a sharp pyroelectric response appears while the laser was turned on and increases with laser intensity. The pyroelectric effect does not occur apparently under illumination of k ¼ 532 nm. This work suggests that BFO ceramics exhibit much stronger photovoltaic responses than the poled WO 3 -doped PLZT ceramics and high-strain ferroelectric PMN-PT crystals.
